###### Strengths and limitations of this study

-   The first analysis of the estimated impact of using a messenger RNA (mRNA) versus DNA high-risk human papilloma virus (HPV) assay for primary HPV screening globally, in terms of the healthcare resources used and associated costs.

-   Extensive sensitivity analyses generated understanding around the robustness of the results, and the impact of certain parameters on the results (particularly HPV positivity).

-   Comprehensive scenario analyses ensure that the full range of possible results are explored.

-   A lack of data on DNA versus mRNA test results from the English primary screening programme means that data from trials in other countries are used and it is unknown which trial population best reflects that in England on which to base the model inputs.

-   No study has collected a complete set of recall data at 12 and 24 months, as will be seen in the English programme, therefore these simulated results will need to be validated once the programme has been fully rolled out.

Introduction {#s1}
============

Cervical cancer screening can identify precancerous cervical abnormalities such as cervical intra-epithelial neoplasia (CIN), allowing for earlier treatment. Cervical screening has a large impact on cervical cancer prevention, therefore many developed countries have established national screening programmes.[@R1] Genital infection with human papillomavirus (HPV) causes most cervical cancer cases.[@R2] In the vast majority of cases, HPV infection is transient, asymptomatic and spontaneously cleared; however, persistent infection with defined high-risk (HR) HPV types in women increases the risk of developing cervical abnormalities.[@R3]

The English National Health Service (NHS) cervical screening programme (CSP) started to implement a new algorithm in March 2019, with full roll out expected in early 2020. Samples switched from being tested with cytology followed by HPV triage for certain groups of abnormal cytology samples, to primary HR-HPV testing with reflex cytology for positives. A number of recent studies have shown that primary HR-HPV screening detects persistent high-grade CIN earlier than primary cytology screening.[@R4]

Two types of HR-HPV assays are currently used in primary HPV screening programmes; DNA and messenger RNA (mRNA) tests. A positive HR-HPV DNA test indicates the presence of DNA above certain concentration in cervical cells.[@R5] However, as HPV infection is often transient and can be spontaneously cleared, the presence of this DNA does not necessarily indicate that a precancerous abnormality will develop.[@R6] The presence of HR-HPV E6/E7 mRNA in cervical cells has been shown to more accurately detect those at risk of developing CIN, and therefore at more at risk of developing cervical cancer, than the presence of HPV DNA.[@R5]

The Aptima HR-HPV mRNA assay and DNA HR-HPV assays both have high sensitivity in the detection of CIN. Non-inferiority criteria for HPV assays have been established that require assays to detect similar numbers of CIN2+ and false-positive tests as assays that have been validated in randomised controlled trials.[@R4] Using these criteria, assays such as Aptima and the family of cobas tests have been validated for the purpose of primary cervical screening.[@R9] Aptima also performed similarly in other cross-sectional and longitudinal studies with no significant difference in sensitivity found.[@R12] However, the Aptima mRNA assay is more specific than DNA HPV assays,[@R19] as it detects actively transcribing infections, as opposed to transient infections. Accepting that the use of Aptima mRNA over DNA HPV testing would result in fewer HPV positive tests in women that do not have CIN2+ (false-positive tests) the number of women progressing through the screening algorithm due to these false positives could be reduced, resulting in fewer reflex cytology tests, colposcopies and recall testing after 12 months. The reduction of those unnecessary tests could subsequently save costs in the screening programme and avoid women undergoing unnecessary testing and procedures.

As the HR-HPV primary screening data from the English pilot screening programme did not record the type of HR-HPV test used,[@R20] this study aims to model the use of the Aptima mRNA HR-HPV assay compared with a DNA HR-HPV assay in primary HPV screening for women in the English CSP. Sensitivity and scenario analyses are conducted to determine the impact of parameters and assumptions on the model.

Methods {#s2}
=======

Cervical screening algorithm {#s2-1}
----------------------------

In England, women are invited for their first cervical cancer screening at the age of 25 and are recalled every 3 years until age 50 years if test results are normal. From ages 50 to 64, they are recalled for screening every 5 years. In the primary HPV screening algorithm,[@R21] a cervical sample is taken, preserved in sample media (SurePath or ThinPrep) and sent to the lab for processing. First, the sample is tested for HR-HPV. Women with negative results are discharged to routine recall; positive HPV samples are then tested using liquid based cytology (LBC) to assess any cell changes. Women with normal cytology results are recalled in 1 year for follow-up (HPV with reflex cytology); while those with abnormal cytology are referred to colposcopy. Women who attend recall in year two follow the same pathway as in year one. In year three, all women with HPV positive samples are directly referred to colposcopy (cytology is performed but does not influence referral to colposcopy). There is no requirement for HPV genotyping in England.[@R22] The full screening algorithm is shown in [figure 1](#F1){ref-type="fig"}.

![Structure of the decision tree model to simulate primary HR-HPV cervical screening in England; this structure was identical for both the mRNA and DNA testing arms. HR-HPV, high-risk human papilloma virus; mRNA, messenger RNA.](bmjopen-2019-031303f01){#F1}

Abbott RealTime High-Risk HPV test, BD Onclarity, Cepheid Xpert, Hologic Aptima, Qiagen Hybrid Capture 2 (HC2) and Roche cobas 4800 and 6800/8800 tests are all approved for HPV primary screening in England, and regions may procure whatever test they want from the approved list.

Model type and structure {#s2-2}
------------------------

This cost-consequence analysis simulated the English HPV primary screening algorithm that is currently being rolled out using a decision tree model constructed in TreeAge Pro 2018. A cost-consequence analysis was chosen as it will be most meaningful to decision makers to understand the short-term direct impact on women and services, and due to the short-term nature of these pathways, estimating the incremental cost-effectiveness ratio (ICER) is not necessarily the most suitable measure. As it was assumed that there was no difference in the diagnosis using colposcopy and management of true positive patients in the two arms (mRNA and DNA) due to equally sensitive tests,[@R7] therefore, there was no need to model the longer-term progression of the disease and outcomes over time. It followed one cohort of women through screening over 3 years from baseline screen through two potential follow-up recall visits. The endpoint for women in the model was either discharge to routine recall (because of a normal result), referral to colposcopy, or loss to follow-up (LTF). Test of cure (TOC) was excluded from the model, allowing for a conservative estimate of the impact of testing.

The model simulated women aged 25--64 years who were tested (either first call or routine recall) in the CSP.[@R24] Women who were tested due to previous abnormality, inadequate sample or who were screened outside of the programme were not included. Inadequate results were not explicitly modelled as the model assumed that all those who had an inadequate sample (ie, the prepared slide is considered inadequate for an HPV test) would have another sample collected and therefore, an adequate test result. This may underestimate the total cost of screening activities as it does not include the cost of retesting due to inadequate test results. However, this is probably of minor importance as the proportion of inadequate samples is very low (estimated at 0.3% in the English pilot).[@R20]

The model structure was the same for the two arms: mRNA and DNA, and all women were assumed to have either all mRNA or all DNA tests over the 3-year model ([figure 1](#F1){ref-type="fig"}). As all women would have completed the screening round within 3 years, a longer time horizon was not needed, even if the interval between routine recall was longer (eg, 5 years in women aged over 50 years). mRNA assays referred to in this paper are assumed to be the Aptima HR-HPV assay, and in the basecase the DNA assay is the cobas 4800 HPV assay. A newer cobas system (cobas 6800) is now commercially available and has been approved for use in the English CSP. The literature, however, suggests a similar performance in terms of non-inferiority of screening outcomes between the different cobas versions.[@R9] The model was audited internally.

The study takes the perspective of NHS England. England does not follow the European guidelines for HPV primary cervical cancer screening, which recommends that it should not start before age 30.[@R26]

Patient and public involvement {#s2-3}
------------------------------

No patients were involved in the design, or conduct, or reporting, or dissemination plans of this research.

Outcomes {#s2-4}
--------

The primary outcomes are the total cost of the screening programme for each arm and the number of colposcopies. The secondary outcomes are the number of HR-HPV and cytology tests and the number of women LTF. LTF occurs when women who are referred to colposcopy, or are recalled at years 2 and 3 for screening, do not attend. The cost outcome was reported separately from other outcomes as this is not a cost-effectiveness analysis. The difference between the outcomes in the two arms over the 3 years was calculated; a negative value indicates either cost-savings or fewer tests/procedures in the mRNA versus DNA arm.

Population {#s2-5}
----------

The model simulated a cohort of 2 247 439 representing the number of women tested in the NHS CSP in 2017--2018 (aged 25--64) ([table 1](#T1){ref-type="table"}).[@R24] In the last 5 years, the number of women tested (first call and routine recall), has varied between 3.74 million and 2.18 million, however as there is no discernible trend in attendance the most recent available data was used. Probabilities from the HORIZON study were reported separately for ages 25--29 and 30--64, and therefore the model probabilities were age weighted to represent the age distribution of women in the CSP, as the prevalence of HPV varies by age.

###### 

Baseline model input parameters and the high and low values for each parameter used in the one-way sensitivity analysis (DSA)

  Parameter                                                                                            Branch          Baseline value   DSA values   
  ---------------------------------------------------------------------------------------------------- --------------- ---------------- ------------ ---------
  Discount rate[@R30]                                                                                  Both branches   0.035            0            0.06
  Total number of women in cohort[@R24]                                                                Both branches   2 247 439        --           --
   Total women in cohort aged 25--29 years[@R24]                                                       Both branches   373 645          --           --
   Total women in cohort aged 30--64 years[@R24]                                                       Both branches   1 873 794        --           --
  **Cost data**                                                                                                                                      
  Cost of colposcopy without biopsy[@R29]                                                              Both branches   £137.00          £128.07      £217.75
  Cost of colposcopy with biopsy[@R29]                                                                 Both branches   £184.00          £177.84      £276.87
  Cost of LBC[@R28]                                                                                    Both branches   £33.71           £8.76        n/a
  Total cost of HR-HPV test (sample collection cost+cost of HPV test)                                  Both branches   £30.53           £20.82       £42.88
   Sample collection cost[@R27]                                                                        Both branches   £15.10           £10.82       £22.88
   Cost of HR-HPV test[@R50]                                                                           Both branches   £15.43           £10.00       £20.00
  **Probability data**                                                                                                                               
  Probability of biopsy with colposcopy[@R24]                                                                          0.4510           0.3383       0.5638
  Probability of positive HPV test at year 1[@R32]                                                     DNA             0.2026           0.1520       0.2533
  mRNA                                                                                                 0.1232          0.0924           0.1541       
  Probability of positive cytology year 1 (for women with positive HPV test in year 1)[@R32]           DNA             0.1980           0.1485       0.2475
  mRNA                                                                                                 0.2529          0.1897           0.3161       
  Probability of positive HPV test at year 2 (for women with normal reflex cytology in year 1)[@R32]   DNA             0.6486           0.4865       0.8108
  mRNA                                                                                                 0.5505          0.4129           0.6882       
  Probability of positive cytology year 2 (for women with positive HPV test in year 2)[@R32]           DNA             0.2448           0.1836       0.3060
  mRNA                                                                                                 0.3713          0.2785           0.4641       
  Probability of positive HPV test at year 3 (for women with normal reflex cytology in year 2)[@R32]   DNA             0.4283           0.3212       0.5354
  mRNA                                                                                                 0.3153          0.2365           0.3942       
  Probability of loss to follow-up for colposcopy[@R24]                                                Both branches   0.2540           0.0          0.3175
  Probability of loss to follow-up for HPV recall[@R24]                                                Both branches   0.5593           0.0          0.6991

See [figure 1](#F1){ref-type="fig"} for information on previous test results that the probabilities are dependent on.

HR-HPV, high-risk human papilloma virus; LBC, liquid based cytology; mRNA, messenger RNA.

Cost inputs {#s2-6}
-----------

All costs (British Pounds) were inflated to 2016/2017 values using published inflation rates from the Personal Social Services Research Unit (PSSRU) (the most recent PSSRU values at time of writing).[@R27] A micro-costing approach was taken to estimate the costs for screening in England; these were validated by clinicians. The cost of both mRNA and DNA tests included the initial costs for collecting and processing the sample (staff time, test kit and consumables, transport to the lab and results letter) as well as the test itself (including all reagents and other lab costs). The costs of the mRNA and DNA tests were assumed to be the same as there are no published data to suggest otherwise and they have the same level of automation. Published values from the literature were used for the cost of LBC.[@R28]

The cost of a colposcopy was calculated by weighting the cost of a colposcopy with a biopsy with the cost of a colposcopy without a biopsy, based on 2017/18 CSP data (percent of diagnostic biopsies out of total referrals) and the NHS National Tariff costs.[@R29]

A discount rate of 3.5% was applied to costs in the model, in line with the National Institute for Health and Care Excellence (NICE) guidelines.[@R30]

Treatment costs were not included in the model as due to the similar sensitivities of the tests modelled, similar numbers of cases of CIN/cervical glandular intra-epithelial neoplasia (CGIN) are expected to be seen at colposcopy, and therefore the number of treatments required would be similar.

Probability inputs {#s2-7}
------------------

The primary HPV screening pilot in England did not record the type of HPV test used.[@R20] As there is no gold standard for the detection of HPV, the model could not adopt a traditional structure that uses HPV prevalence and test performances, as any prevalence data would be influenced by the type of test used. Therefore, a comprehensive targeted literature review was conducted to identify the most representative, complete datasets with the data required for the model. This included contacting the study authors to request the data required for the model if it was not published in the format required for the model. Four studies were found that contained head to head data comparing the mRNA to DNA HR-HPV test in a primary screening manner: CERVIVA from Ireland,[@R31] German AHPV Screening Trial (GAST) from Germany,[@R15] FOCAL from Canada,[@R14] and HORIZON from Denmark.[@R32] The CERVIVA trial is ongoing and has not yet published baseline data; hence was not considered further. FOCAL data could not be used in the baseline model as the study referred to colposcopy any women that was HC2 positive or had abnormal cytology at baseline, and therefore the follow-up population did not mirror the English algorithm. Furthermore the follow-up period was 48 months, which makes an estimation of 12-month follow-up data less accurate. GAST only included women aged over 30 years, which would not be representative of the English population as HR-HPV positivity is significantly higher in women aged 25--29 years.[@R34]

The HORIZON study tested 4128 women for HPV and LBC in a primary screening algorithm in Denmark (full description in [online supplementary information S1](#SP1){ref-type="supplementary-material"}). The study collected the samples using SurePath, and samples were tested on four HR-HPV assays: Hologic Aptima HPV Test; Qiagen Hybrid Capture 2; Roche cobas 4800 HPV Test; and CLART HPV2 Assay. The CLART results were excluded from this model as the CLART assay detects a number of low-risk HPV genotypes in addition to the HR-HPV genotypes, and is not accepted for use in the CSP.[@R35] The probabilities for the DNA arm were taken from the cobas 4800 HPV assay results from the HORIZON trial, as currently no laboratories in England use the HC2 test and the model aimed to reflect the current screening situation in England. The HORIZON results from HC2 were run through the model separately as a scenario analysis.[@R37] Women with a positive HPV test and negative cytology were followed-up at 18 months and tested for HPV and then cytology reflex. In HORIZON, the follow-up cytology data was aggregated for all tests, therefore reflex cytology abnormal cases were assumed to be HPV positive in all HPV tests due to the high sensitivity of the HPV tests and as HPV+ concordance in cytology-abnormal women was not reported in HORIZON. As follow-up in England is at 12 months, HORIZON follow-up data was transformed into a rate, and then back into a probability to estimate the probability of testing positive at 12 and 24 months. The trend for persistence over time was assumed to be linear.[@R38] See [table 1](#T1){ref-type="table"} for baseline probabilities used in the model; additional data from HORIZON are shown in [online supplementary information S2--S4](#SP1){ref-type="supplementary-material"}.
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The positivity seen in the HORIZON trial was 20.2% and 12.3% when DNA and mRNA HPV tests were used respectively in women aged 23--65 years.[@R32] The positivity seen in the English pilot screening programme, where women were screened between the ages of 25 and 64, was lower but still comparable at 12.7% (using a mix of DNA and mRNA tests, the breakdown is unknown).[@R20] Furthermore, in order to determine the impact the positivity has on the results, extensive sensitivity and scenario analysis were carried out as outlined below, using data from other tests and trials (GAST and FOCAL) with lower positivity rates.

Uncertainty analyses {#s2-8}
--------------------

### One-way analyses {#s2-8-1}

One-way sensitivity analyses were carried out to determine the effect that changes in individual parameters had on the outcomes. The model was run selecting the high and low parameter values ([table 1](#T1){ref-type="table"}). Probabilities were varied by 25% of their baseline values. The costs were varied by values in the literature, except for the cost of the HR-HPV test (mRNA and DNA) which was varied between £10 and £20 based on discussions with experts. The low value for LTF was set at 0 to represent perfect compliance. The impact on costs and number of colposcopies are presented in a tornado graph, showing the difference in outcomes between mRNA and DNA testing.

### Probabilistic sensitivity analysis {#s2-8-2}

A probabilistic sensitivity analysis (PSA) was conducted to look at the robustness of results given a wide range of plausible inputs. Each input parameter was assigned a distribution based on data from the literature or an estimated distribution ([online supplementary information S5 and S6](#SP1){ref-type="supplementary-material"}). All probabilities were assigned a beta distribution to limit the values to between 0 and 1, with the alpha and beta values derived from the published data. For costs, a gamma distribution was assigned and the costs were varied by 20% to estimate the SD.

A Monte Carlo simulation was run using 1000 iterations of the model, with each run independently sampling from the distributions. For each iteration, all inputs that the mRNA and DNA arms shared were assigned the same value; all other inputs varied independently in the mRNA and DNA arms. This allows the difference in outcomes for each iteration using mRNA and DNA to be compared. The difference in the outcomes between DNA and mRNA testing were estimated, and these were used to estimate the 95% credibility intervals (CI).

### Scenario analyses {#s2-8-3}

We explored the impact of changing assumptions in the model as part of the scenario analyses.

The model was run using only the HC2 results from HORIZON to see the impact of the different test performance on the model results ([online supplementary information S3](#SP1){ref-type="supplementary-material"}).

As it is not known which dataset will be most similar to the English population, a number of scenarios were run using different datasets and the outputs compared.

Both FOCAL and GAST data were used in scenario analyses to estimate the outcomes that might be seen in England if only the year one screening data were used. A description of the FOCAL and GAST studies is in [online supplementary information S7](#SP1){ref-type="supplementary-material"}. Results from the GAST study were made available by one of the authors (TI), and the model was re-run using probabilities calculated from the GAST data, which was for a cohort of women aged 30--60 years tested using HC2 ([online supplementary information S6](#SP1){ref-type="supplementary-material"}). This was compared with results from the model using the equivalent population from the HORIZON study (data for women aged 30--64 years tested using HC2).

The HC2 test results in the HORIZON study showed a lower positivity than the averaged cobas and HC2 results, therefore the model was rerun using only the HC2 results for the DNA arm and compared with the mRNA arm results ([online supplementary information S8](#SP1){ref-type="supplementary-material"}). This positivity is very similar to the positivity recorded in the English primary screening pilot programme (15% and 12.3% in DNA and mRNA respectively, and 12.7% in the English pilot using a mix of tests),[@R20] so it is expected that this iteration of the population would closely mirror the population in the English CSP.

Primary and secondary outcomes were also compared using the data from the FOCAL, HORIZON and GAST studies for year one for the mRNA and DNA testing arms ([online supplementary information S9](#SP1){ref-type="supplementary-material"}). The positivity seen in these trials were considerably lower than the positivity in the English programme (GAST: 6.1% and 4.9%, FOCAL: 9.4% and 8.1% for DNA vs mRNA, respectively).[@R14]

Results {#s3}
=======

Baseline results {#s3-1}
----------------

The primary and secondary outcomes for the baseline model are shown in [table 2](#T2){ref-type="table"}. In the population of 2.25 million women in the NHS CSP programme, using an mRNA versus DNA test saved an estimated £15.4 million, averted an estimated 28 009 unnecessary colposcopies, 90 605 unnecessary HR-HPV tests and 253 477 unnecessary cytology tests. There were also 9536 fewer women LTF for their colposcopy referral, and 114 988 fewer women LTF for HPV recall in years 2 and 3 for mRNA versus DNA testing ([online supplementary information S10](#SP1){ref-type="supplementary-material"}).

###### 

The baseline results for the primary and secondary outcomes: total costs, and number of colposcopies, HR-HPV and cytology tests using an mRNA or DNA assay

                                   Cost (£)      Colposcopies   HR-HPV tests   Cytology tests
  -------------------------------- ------------- -------------- -------------- ----------------
  mRNA                             93 977 178    69 409         2 352 507      340 975
  DNA                              109 386 154   97 418         2 443 112      594 452
  Difference (mRNA -- DNA total)   −15 408 976   −28 009        −90 605        −253 477

A negative number indicates cost-savings or fewer tests or procedures using an mRNA versus DNA assay.

HR-HPV, high-risk human papilloma virus; mRNA, messenger RNA.

The cost of HPV testing comprised the greatest proportion of the total costs: £71.7 million (76%)---mRNA versus £74.4 (68%)---DNA. A higher percentage of costs come from recall activities in the DNA arm, due to the higher initial HPV positivity. Colposcopy accounted for 11.6% (mRNA) and 19.9% (DNA), and cytology tests 12.2% (mRNA) and 18.1% (DNA) of the total costs, respectively.

One-way sensitivity analysis {#s3-2}
----------------------------

The impact that varying each parameter has on the outcomes is shown in [online supplementary information S11](#SP1){ref-type="supplementary-material"}. Varying the costs of the HPV assays had the largest impact on the cost difference between the mRNA and DNA arm. Even using a low value of £10 for a DNA HPV assay, cost savings of £2.18 million were realised. Assuming perfect compliance for HPV recall testing had the largest impact on the number of colposcopies (67 041 fewer colposcopies when mRNA assay was used), however probability of a positive HPV test in year 1 also had a relatively large impact, with 21 030 fewer colposcopies in the mRNA arm when the low value was used (compared with a difference of 28 009 colposcopies at baseline).

Probabilistic sensitivity analysis {#s3-3}
----------------------------------

Results from the PSA are given in [figure 2](#F2){ref-type="fig"}. For a mean difference in costs of £15.4 million, the 95% CI showed a range of £6.5 million---24.1 million. The 95% CI for the reduction in the number of colposcopies was 27 499--28 527. In 0.1% of iterations of the model the DNA arm is cost saving compared with the mRNA arm. There are no instances in which a strategy using DNA HR-HPV testing results in fewer colposcopies, HR-HV tests or LBC tests.

![Results from the probabilistic sensitivity analysis, showing the difference between mRNA versus DNA over 1000 iterations. (A) difference in costs; (B) difference in colposcopies; (C) difference in HPV tests; (D) difference in cytology tests. HR-HPV, high-risk human papilloma virus; mRNA, messsenger RNA.](bmjopen-2019-031303f02){#F2}

Scenario analysis {#s3-4}
-----------------

The full results for the scenario analyses are in [online supplementary information S12--S14](#SP1){ref-type="supplementary-material"}.

When the model was run using only HC2 results from the HORIZON study, £6.7 million saving and 18 426 fewer colposcopies were realised in the mRNA arm compared with the DNA arm ([online supplementary information S12](#SP1){ref-type="supplementary-material"}), which is less than the savings seen in the baseline results.

Compared with the results from the model using the GAST data, the HORIZON results showed a larger difference between the mRNA and DNA arms ([online supplementary information S13](#SP1){ref-type="supplementary-material"}). However, the GAST data still showed a £2.29 million saving over the 3-year model (compared with £5 million saving in the comparable HORIZON population) and 4803 fewer colposcopies (11 819 fewer colposcopies in the comparable HORIZON population).

Scenarios using data from all three trials for the first year only, always generated cost-savings and reductions in the number of unnecessary tests and procedures, and reduced LTF ([online supplementary information S14](#SP1){ref-type="supplementary-material"}). Both GAST and FOCAL data presented a smaller difference between the two arms, which is due to the significantly lower HR-HPV positivity for both DNA and RNA assays than in HORIZON. FOCAL and GAST data also showed variation in the difference between the two arms as FOCAL reported almost double the probability of abnormal cytology than GAST.

Discussion {#s4}
==========

Main findings {#s4-1}
-------------

The baseline results of this model suggest that using the Aptima mRNA assay versus cobas 4800 HPV DNA assay in the new primary HPV screening algorithm in England is likely to result in a reduction in overall screening costs, unnecessary referral to colposcopy, unnecessary recall HR-HPV and cytology tests and reduced LTF. These reductions in resource use should not be associated with any subsequent reduction in identifying true positive women, as the sensitivity of the assays has consistently been shown to be similar.[@R41] The results are robust across a range of inputs as shown by the one-way, PSA and scenario analyses. However, the exact magnitude of cost-savings and reduction in unnecessary resource use is unknown and additional data is needed from England.

Strengths and limitations {#s4-2}
-------------------------

This is the first analysis to assess the impact of using the mRNA or DNA assays as part of HPV primary screening. These results can inform decision-makers as they plan for the organisation of screening in 2019 in England and may also apply to other countries. Although independent calibration data does not exist as results from the new algorithm in England are not available broken down by the test used, extensive uncertainty analyses indicated that the results are robust and consistently show that the use of the Aptima mRNA assay is favourable over using DNA assays for primary HPV screening. If results by type of test do become available, we recommend validating the results of the model. Furthermore, the newer cobas 6800 assay would decrease the hands on time needed to run the assay,[@R25] which could decrease the cost of the assay. This is not reflected in this model, as the cobas 4800 assay is modelled, however the impact of a decreased DNA test price is modelled in the one way sensitivity analysis, with an extra cost of £2.18 million incurred with a £10 DNA test (compared with a cost of £15.43 for mRNA in the same iteration of the model).

As no data were available in England broken down by type of HPV test, data from the Danish HORIZON study were used. The HORIZON study followed women through their baseline screen and follow-up recall, following a similar testing algorithm and age range as will be employed in England. However, HORIZON displayed a higher absolute positivity rate (12%-mRNA, 20%-DNA) compared with FOCAL (8%-mRNA, 9%-DNA) and GAST (7%-mRNA, 9%-DNA) and the overall positivity in the English pilot programme (12.7%).[@R20] Demographic characteristics of the women in the HORIZON, FOCAL and GAST trials may differ from what will be seen in England and the simulated population in the model, however without comparable data for England by test it is difficult to speculate. For example, the HORIZON study sampled a slightly younger and largely urban population with potentially an overall higher HPV positivity, while the GAST study did not include women under 30, which decreases the overall positivity.

In England, laboratories use either SurePath or ThinPrep media for sample collection. The collection media may have an impact on the number of samples that are identified as cytology abnormal or HPV positive.[@R19] However, there is no conclusive evidence on the difference that the collection media could make when used in conjunction with mRNA versus DNA HR-HPV tests in a primary screening setting,[@R42] so it is unclear how using the HORIZON data that used SurePath may impact on results.

Published data are not available for the head-to-head comparison of HR-HPV positivity in England using an mRNA and DNA assay, therefore it is unknown if HORIZON, GAST or FOCAL is most representative for England. Despite these differences, the results from scenarios using all datasets showed significant cost and resource savings when using mRNA HR-HPV testing.

TOC was not modelled as it is not considered part of the screening algorithm but part of the treatment pathway. As TOC would involve more women being referred for HPV, cytology and therefore colposcopy based on their HR-HPV results, it is thought that excluding TOC data provides a more conservative estimate of the impact of using mRNA versus DNA HR-HPV tests.

Interpretation {#s4-3}
--------------

Previous studies estimated that primary HR-HPV testing with reflex cytology will be more expensive than cytology testing with HR-HPV triage and will result in an increase in colposcopies in the short term.[@R34] The increase in colposcopies in the short term is thought to be because cytologists will be more cautious in their diagnosis as they become familiar with the new programme and due to the earlier diagnosis of women. If a more specific HR-HPV assay is used, the unnecessary referrals to colposcopy and the burden on laboratories for testing can be reduced, alleviating some of the short-term challenges introduced from the switch to HPV primary screening. Additionally, the relative cost of HPV-based screening compared with cytology screening will be balanced by introducing longer screening intervals after a negative HPV test.

As previously stated, both the Aptima and cobas tests are acceptable for use in screening programmes, and Aptima has non-inferior sensitivity.[@R12] The Meijer criteria which define these use a sample cohort of 60 CIN2+ cases, further studies would need to be conducted to determine whether this remains the same in a much larger cohort. This model uses the assumption that the assays have an equal sensitivity and does not take into account the differences in targeting strategies or assay design that could affect the proportion of women correctly or incorrectly identified as HPV positive and subsequently referred to colposcopy. Therefore the relative performance of the assays within the primary screening programmes needs to be monitored in future studies.

As women in England who were vaccinated against HPV are just beginning to enter the CSP,[@R43] it is unclear how this might impact on the burden of screening and referrals. A decrease in positive HR-HPV tests as more people are vaccinated has been observed in Scotland, Canada and Australia, all of which have similar vaccination programmes, and in studies modelling the expected impact in England.[@R44] Future economic models on this subject should be informed by real life data on the impact of vaccination in England.

While this paper sought to model the impact on healthcare services alone, there is also expected to be an impact on women's quality of life. Cervical screening and colposcopy can have a negative impact on women's quality of life when they receive positive screening results or are referred to colposcopy.[@R48] By choosing the most specific test, the NHS can reduce the unnecessary stress and anxiety in women associated with unnecessary tests for false positives with no trade off in detecting CIN given that mRNA assays are as sensitive as DNA assays.[@R19]

Conclusion {#s5}
==========

Overall, results from the model suggest that using the Aptima mRNA HR-HPV assay is less expensive and avoids unnecessary HPV recall testing, cytology testing and colposcopies than using a DNA HR-HPV assay in the new primary HPV screening algorithm that was started to be introduced in England in March 2019. Extensive uncertainty analyses demonstrate that cost and resource savings will almost certainly be achieved despite using different data sources.
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